n the United States, over 21 million Americans currently suffer from osteoarthritis. Due to limitations associated with existing treatment modalities, there is a growing interest in tissue-engineered cartilage grafts. One aspect of our approach to treating osteoarthritis is to reconstruct a functional interface between the tissue-engineered cartilage and bone. The interface is designed to mimic the native osteochondral interface, and it is reconstructed by coculturing osteoblasts and chondrocytes on degradable scaffolds. The objectives of the current study are, first, to examine osteoblast-chondrocyte interactions in a novel, indirect coculture model and, second, to evaluate both matrix-and substrate-dependent effects on chondrocyte response during coculture on two-dimensional (2-D) and three-dimensional (3-D) substrates.
Overview
Arthritis is the leading cause of physical disability in the United States, with osteoarthritis being the most common form of arthritis [1] . The prevalence of this joint-degenerative disease is reported in adults 45 years or older. The medical and social cost of this condition is exacerbated by the fact that there is an increase in the number of elderly Americans. By 2020, over 53 million Americans will be 65 years or older [2] , and the majority of them will be at risk for osteoarthritis. With this aging yet still physically active population, an increase in the incidence of age-related diseases such as osteoarthritis will present a significant challenge to the medical and research communities.
In osteoarthritis, it is believed that long-term joint loading leads to the degradation of articular cartilage. Unfortunately, articular cartilage loses the ability to repair itself over time [3] - [6] . Current treatment modalities for the operative repair of degraded articular cartilage include the use of allografts and autografts. While these methods can provide short-term pain relief and partially restore joint function, none of these approaches has resulted in a long-term functional solution [5] - [9] . Moreover, there are a variety of complications associated with each of these types of grafts. Some of the challenges facing the use of allografts include the scarcity of donor tissue and the risks of disease transmission and host immune response [3] . With autogenous grafts, in addition to insufficient supply, donor site pain and morbidity are major limiting factors [4] . Another problem in utilizing biological or synthetic grafts is the inability of these grafts to integrate with cartilage or bone at the implant site. Due to limitations associated with existing grafting systems, tissue-engineered constructs for cartilage repair and regeneration have been investigated during the past decade [10] - [15] . However, the integration of tissue-engineered cartilage to the subchondral bone and to the native cartilage remains a significant challenge in the clinical implementation of this type of grafting system [16] - [17] .
The difficulty in the adhesion of two tissue types leads to one of the critical research interests in cartilage tissue engineering, which is the development of scaffolds or constructs capable of interfacing different tissue types. Several groups have reported on osteochondral grafts [18] - [21] , and these grafts have demonstrated significant potential. The long-term goal of our research is to facilitate the integration of bone and cartilage by developing tissue graft systems that will lead to the reconstruction of the osteochondral interface. We believe that a functional interface can be formed between bone and cartilage by coculturing osteoblasts and chondrocytes on three-dimensional scaffolds that have been optimized for the growth and differentiation of both cell types.
The native osteochondral interface is composed of multiple tissue types, specifically cartilage, mineralized cartilage, and bone [22] . Chondrocytes and osteoblasts are the predominant cell types found at the osteochondral interface. LacombeGleize et al. cocultured osteoblasts and chondrocytes using an insert system where, although these cells were not in contact with each other, they were grown in the same well [23] . Conditioning media from the single-cultured as well as cocultured wells were added to osteoblast and chondrocyte-only cultures. An increase in chondrocyte proliferation was measured during coculture and after conditioning with osteoblast media. These results suggest that osteoblasts may direct chondrocyte growth or differentiation through secreted factors. Weng et al. reported that when osteoblasts and chondrocytes are both preseeded on an osteochondral scaffold, in vivo healing may be enhanced [55] . Schaefer et al. reported on an osteochondral graft system consisting of two independently seeded scaffolds. One of the scaffolds was seeded with primary chondrocytes and the other with periosteal cells, and these constructs were later sutured together after an initial culture period. In this system, the chondrocytes and osteoblasts only came into contact when the constructs were sutured together. It was observed that when the scaffolds were sutured together at earlier time points, there was improved integration between the two tissue types [18] . These results suggest that the sooner the chondrocytes and osteoblasts can interact with each other, the more likely that the tissue types will integrate effectively.
Osteoblast-chondrocyte interactions may play a significant role in the eventual integration of cartilage with bone. Takai et al. reported on the development of an osteochondral graft consisting of a chondrocyte-embedded agarose hydrogel combined with osteoblast-preseeded devitalized trabecular bone [21] . It was observed that chondrocytes migrated into the bony substrate containing osteoblasts, suggesting that their interaction may be important in modulating the interfacial zone. At this time, it is not yet well understood how osteoblasts and chondrocytes interact to form the osteochondral interface due to the lack of in vitro and in vivo models of osteoblast-chondrocyte interactions. In order to tissue engineer the osteochondral interface, cell-cell interactions during coculturing must first be examined. In a previous study, we developed a novel and direct coculture system of the two cell types by using a chondrocyte micromass and osteoblast monolayer model [24] . It was observed that the chondrocyte phenotype was maintained while osteoblast mineralization was diminished. In this model, osteoblasts are directly exposed to the chondrocytes, while they are more likely to interact through the extracellular matrix in vivo. Building upon this direct coculture model, the goal of the current study is to examine the response of chondrocytes to an extracellular matrix pre-elaborated by osteoblasts grown on a degradable, polymer-ceramic composite scaffold. This scaffold is a composite of poly-lactide-co-glycolide (PLAGA) and bioactive glass (BG). This microsphere-based, degradable scaffold exhibits an inter-connected porous network and it has been shown by Lu et al. [29] to support osteoblast proliferation and elaboration of a mineralized, type I collagen matrix by these cells.
It is likely that in vivo, instead of being exposed to each other directly, osteoblasts and chondrocytes interact through the preformed extracellular matrix. In this study, both matrixand substrate-dependent effects will be investigated during osteoblast and chondrocyte coculture on 2-D and 3-D scaffolds. Specifically, we will examine cellular attachment and temporal morphological changes of chondrocytes when cocultured with osteoblasts. Our hypothesis is that the presence of the preformed extracellular matrix produced by the osteoblasts on the composite scaffold will modulate the attachment and growth of chondrocytes during coculture.
Materials and Methods

Polymer-Ceramic Composite
The composite was fabricated as both 2-D discs and 3-D porous scaffolds following the methods of Lu et al. [25] . Polylactide-co-glycolide 85:15 (PLAGA 85:15, American Cyanamide, Sunnyvale, California) and 45S5 bioactive glass (BG, 10 µm, MO-SCI Corporation, Rolla, Maryland) were used to fabricate the 2-D composite (PLAGA-BG) discs, and PLAGA 50:50 combined with BG were used to fabricate the 3-D scaffolds. Briefly, PLAGA 85:15 granules were dissolved in methylene chloride (EM Science, Gibbstown, New Jersey), and BG particles were added to achieve a 25% mixture. The solution was then slowly poured into a Teflon ® mold and the solvent was allowed to evaporate at −20°C. The resulting polymer film was bored into 10-mm diameter discs.
To form the PLAGA-BG composite microspheres, PLAGA 50:50 granules were first dissolved in methylene chloride and BG granules were added to achieve a 25% mixture. The mixture was then poured into a 1% polyvinyl alcohol (Sigma Chemicals, St. Louis) solution, the suspension was stirred, and the spheres were allowed to harden. The resulting microspheres were washed, vacuum filtered, and dried. The microspheres were then sifted into different sizes (Retsch AS200, Haan, Germany). The 3-D scaffold constructs (7.5 mm in diameter and 3 mm in height) were formed by sintering the microspheres (300-350 µm) at 70°C for 20 hours.
Cells and Cell Culture
Bovine articular chondrocytes were isolated using an enzymatic digestion method previously described by Mauck et al. [14] . Briefly, articular cartilage specimens were harvested from the carpo-metacarpal joints of freshly slaughtered calves (2-6 month) obtained from a local abattoir. The cartilage specimens were then rinsed with Dulbecco's Modified Essential Medium (DMEM) supplemented with 2% antibiotics (both from Mediatech, Herdon, Virginia). The chondrocytes were isolated from the cartilage specimen by serial digestions with protease (PRONASE®, EMD Biosciences, San Diego, California) and collagenase (Sigma Chemicals, St. Louis, Missouri). The primary bovine osteoblast cultures were established from explant cultures of trabecular bone fragments. Both the cartilage and bone fragments were harvested from the same animal. All cells were cultured in fully supplemented DMEM containing 10% fetal bovine serum, 1% non-essential amino acid, and 1% penicillin streptomycin (all from Mediatech, Herdon, Virginia). The cultures were maintained at 37°C in a 5% CO 2 incubator. Osteoblast-Chondrocyte Coculture Osteoblast-chondrocyte coculture was examined on three different substrates: PLAGA-BG 3-D constructs, PLAGA-BG 2-D thin films, and tissue-culture-treated plastic coverslips (Thermanox™, Fisher Scientific, Fair Lawn, New Jersey). The coverslips had a surface area of 176.7 mm 2 , and the composite discs had a surface area of 39.2 mm 2 . All substrates were UV sterilized and washed in ethanol prior to seeding. All three substrates had preformed osteoblast matrix, where bovine osteoblasts were first seeded onto the substrate at a density of 2.0x10 5 cells per scaffold and cultured in fully supplemented media for two days. Chondrocytes at a density of 4.0x10 5 cells per scaffold were then seeded onto the 3-D scaffold with the pre-elaborated matrix. Scaffolds seeded with only osteoblasts or chondrocytes at the same densities served as controls. Similar to the 3-D scaffold, the 2-D disc was seeded with 1.5x10 5 osteoblasts and twice as many chondrocytes (3.0x10 5 ). For the 2-D controls, the seeding density for both cell types was approximately 100,000 cells per coverslip.
Both short-term and long-term coculture experiments were conducted. The 3-D scaffolds were analyzed at 0.5, 3, and 8 hours, as well as at 1, 3, and 7 days, and the 2-D scaffolds were analyzed at 0.5, 3, 6, and 24 hours. In addition, to differentiate the two cell types, chondrocytes on the 2-D and 3-D substrates were prelabeled with Chloromethylbenzamido (CellTracker TM CM-DiI, Molecular Probes, Eugene, Oregon) before seeding. The labeling was performed following the manufacturer's suggested protocol.
Characterization of Cocultured Composite Substrates
Cell attachment and growth morphology was monitored using scanning electron microscopy (SEM, JEOL-5600LV and LEO 1455) at designated time points. The incident electron energy varied from 2 kV to 7 kV depending on the instrument. The samples were first fixed in Karnovsky fixative followed by serial dehydration in ethanol prior to imaging. In addition, cell viability and growth morphology were also assessed using the Calcein-AM, Ethidium homodimer two-color fluorescence cell viability assay (LIVE/DEAD ® Viability/ Cytotoxicity Assay Kit, Molecular Probes). The presence and location of the prelabeled chondrocytes were tracked using both a fluorescence microscope (Zeiss Axiovert 25C, Carl Zeiss, Germany) and a confocal microscope (Olympus IX70, Melville, New York).
Results
The objective of this study is to examine the interaction of osteoblasts and chondrocytes on 2-D and 3-D composite scaffolds. Positive live stain (green) demonstrated that the composite PLAGA-BG scaffold supported chondrocyte viability and growth when cultured alone or with osteoblasts. Extensive SEM analyses revealed that significant interactions occurred between osteoblasts and chondrocytes during coculture. Chondrocytes maintained a semi-spherical morphology during the first 24 hours of culture, and aggregates were also observed at this time point. Within the circles in C1 are aggregates of chondrocytes that can more clearly be seen in the optical micrograph of C2. (Magnifications: A1 at x2500; A2 at x20; B1 at x2500; B2 at x20; C1 at x1000; C2 at x20.)
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Formation of Cell-Matrix Attachments
Differences in initial cellular attachment were observed between the cocultured scaffolds and the chondrocyte control scaffolds. As seen in Figure 1, 
Effects of the Preformed Extracellular Matrix on Chondrocyte Morphology
It was observed that chondrocyte morphology changed gradually between 8 hours and 24 hours in cultures with ( Figures   2 and 4) and without osteoblasts (Figures 3 and 4) . From the onset of seeding to eight hours, the chondrocytes on all substrates assumed a spherical or semi-spherical morphology. Differences in cell morphology were evident between the cocultured scaffolds and the chondrocyte control after one day of culture on both 2-D (Figures 2 and 3 ) and 3-D substrates ( Figure 4 ). In the absence of the matrix, the chondrocytes spread and flattened on both the 2-D discs (Figure 3 C) and the 3-D microsphere-based scaffolds (Figure 4 B2 ).
In addition, the presence of the osteoblast-like cells and osteoblast-produced matrix was found to delay the spreading of chondrocytes in both 2-D and 3-D scaffolds. This delay was more pronounced in the 3-D scaffolds (Figure 4 B1) 
Effect of Biomaterial Substrate on Chondrocyte Morphology
It was observed that the architecture or shape of the underlying substrate also had an effect on chondrocyte morphology, and this effect was found to be independent of the presence of a preformed extracellular matrix. Table 1 compares chondrocyte spreading on three different substrates (coverslips, 2-D composite disc, and 3-D composite scaffold) preseeded with osteoblasts, as well as on substrates without preformed extracellular matrix. The curvature of a surface is defined as k = 1/r, where k = curvature and r = radius, and the units of curvature are expressed in µm . Chondrocytes range in size from 5-14 µm; therefore, only the curvature of an individual microsphere was considered to be relevant here. The curvature of the 2-D discs was estimated since the surface features of these discs were irregular. Their curvature is slightly greater than the flat coverslip control but significantly less than that of the microsphere. SEM micro-graphs confirmed the gross differences in curvature between the disc and the microsphere substrate.
In the presence of a preformed extracellular matrix, with increasing substrate curvature, it took longer for the chondrocytes to lose their phenotypic morphology and commence spreading. In the absence of the preformed extracellular matrix, the time to cell spreading was again found to be inversely dependent on substrate curvature. The chondrocytes seeded on flat cover slides commenced spreading by three hours, while these cells started to spread on the 2-D composite disc by six hours, and by eight hours on the 3-D composite scaffold (see Table 1 ).
Discussion
This is one of the first reported studies to examine the nature of osteoblast-chondrocyte interaction on a degradable scaffold in vitro. Based on our results, it was found that chondrocyte attachment and spreading are dependent on the presence of a preformed, osteoblast matrix. Indeed, chondrocytes are more likely to maintain their phenotypic morphology and take longer to spread in the presence of osteoblasts. In addition, construct geometry and chemistry may have an effect on chondrocyte response, as chondrocytes grown on 3-D scaffold took longer to spread compared to the two types of 2-D substrates tested.
It is evident that coculturing chondrocytes and osteoblasts on our PLAGA-BG composite scaffolds is a potential platform to elucidate the scaffold-or cell-dependent parameters that may ultimately dictate the formation of an osteochondral interface. Since the interaction of these two cell types has not been extensively examined, and since there are very few coculture models reported in the literature, the feasibility of this model system must first be validated. Although the PLAGA-BG composite scaffold has been shown to support the growth of osteoblasts [25] , it was uncertain whether it could also support the growth of chondrocytes due to its mineral content. To promote integration with subchondral bone, Ca-P nodules were designed to form on the scaffold under physiological conditions. Thus, it was a potential concern that these nodules may affect the response of chondrocytes, since high concentrations of inorganic phosphate have been reported to induce chondrocyte apoptosis [26] . In this study, it was observed that chondrocytes maintained viability over the one-week culturing time on all substrates tested. An abundant production of extracellular matrix was observed during coculture on the 3-D scaffolds, with the matrix and cells filling the pores between the microspheres. More extensive matrix production and cell growth were seen in the coculture group compared to the chondrocyte and osteoblast controls. These results confirm the growth and development of chondrocytes on both the control and coculture scaffolds, and they establish the feasibility of coculturing chondrocytes and osteoblasts on the PLAGA-BG composite scaffolds.
A significant observation made in this study is that chondrocytes form cell-matrix adhesions when seeded on composite surfaces preseeded with osteoblasts. This was observed on both 2-D and 3-D surfaces, and these cell-matrix adhesions were notably absent on the substrates without the preformed osteoblast matrix. Cell-matrix adhesions are important complexes involved in cell migration, and they may affect downstream events such as cell signaling and gene expression [27] - [29] . The initial cell-matrix or cell-biomaterial interactions may directly influence cell spreading and matura- tion on the surfaces [30] , [31] , [33] , [34] . It has been reported that cell-matrix adhesions form as part of an integrin-mediated response to external environmental stimuli [35] . In our current study, the stimulus is the presence of the preformed osteoblast matrix. The presence of an extracellular matrix has been reported to affect cellular adhesion to biomaterials [36] - [41] . The lack of cell-matrix adhesion in the control group suggests that subsequent cellular response to the two substrates, in terms of cell differentiation, are likely to differ, and that cell adhesion to these substrates may be mediated by different types of integrins and adhesion complexes. El-Amin et al. compared integrin expression on 2-D polylactide (PLA) and PLAGA 50:50 discs, and reported significantly higher α 2 , α 5 , and β 1 integrin expressions on the PLAGA substrates compared to the PLA [34] . These results demonstrate that cell integrin expression is dependent on the chemistry of the biomaterial or substrate. The extracellular matrix (ECM) formed by osteoblasts consists primarily of type I collagen and other ECM proteins such as fibronectin, laminin, vitronectin, osteopontin, and osteonectin [33] , [42] - [44] . The two-day precultivation period allowed time for the preseeded osteoblasts to cover the composite surface with extracellular matrix. On PLAGA 2-D and 3-D substrates, human osteoblast-like cells have been shown to form a well-organized cytoskeleton [33] and produce a matrix that is rich in type I collagen [25] and ECM components listed above [33] . The observed differences in cell-matrix adhesion and spreading are likely due to the fact that the pre-elaboration of osteoblast extracellular matrix altered the surface chemistry and microstructure of the composite biomaterial surface. Therefore, the changes in surface chemistry and microstructure may lead to the development of the observed cell-matrix adhesions only in the cocultured group. It is to be expected that when compared to the preformed ECM, the native composite surface would elicit a different response from the chondrocytes. In addition, cell aggregates ranging from 10 µm during the initial culture times to around 100 µm after 24 hours were observed on the coculture groups. In contrast, well-spread, flat cellular sheets were seen on the control surfaces. The formation of these cell aggregates may be in part due to the early presence of cell-matrix adhesions, as these adhesions have been reported to mediate cell migration [45] - [48] .
Both a matrix-dependent and substrate-architecture-related response in chondrocyte morphology and spreading were observed when the two cell types were cocultured together. First, the presence of the osteoblast preformed extracellular matrix on the surface of the composite scaffolds affected chondrocyte morphology over time. It is well established that when embedded in cartilage matrix or in suspension, chondrocytes maintain a phenotypic spherical morphology. These cells have also been shown to spread and assume a fibroblast-like morphology on 2-D substrates or during monolayer culture [49] - [53] . It is believed that chondrocyte morphology correlates with phenotypic expression. Specifically, spherical chondrocytes exhibit a differentiated phenotype expressing type II collagen and produce proteoglycans, while spread chondrocytes in a monolayer culture de-differentiate, expressing type I collagen and producing fewer proteoglycans [49] . In this study, it was observed that the presence of the preformed extracellular matrix delayed or prevented the spreading of the cultured chondrocytes. It is reasonable to suggest that the presence of the osteoblast extracellular matrix may provide an external environment beneficial to maintaining the phenotypic chondrocyte morphology. This may in part be due to the changes in surface chemistry, energy, and topography, which have been shown to direct cellular interaction with surfaces [43] , [44] , [54] . Recently, Chen et al. reported that when de-differentiated bovine articular chondrocytes were seeded on a porous PLAGA-type I collagen scaffold, these cells assumed a spherical morphology and reverted to the chondrocyte phenotype [50] . Specifically, these cultures reinitiated gene expression for type II collagen and aggrecan [50] . Since the osteoblast extracellular matrix consists primarily of type I collagen, we may be observing similar maintenance of chondrocyte phenotype due to the pre-elaboration of type I collagen matrix.
Another significant observation made in this study was that substrate architecture, i.e., 2-D versus 3-D, effected temporal morphological changes in chondrocytes. These effects were observed in both the coculture and control groups. Specifically, the time for spreading to occur was prolonged on the 3-D composite scaffolds compared to the 2-D composite discs. One potential explanation for the observed differences is the variation in curvature between the 2-D and 3-D substrates. The relatively higher curvature of the microspheres (0.0057 ≤ K 0.0067 µm -1 ) compared to the discs (0 < K < 0.0057 µm -1 ) may contribute to changes in chondrocyte spreading. Cukierman et al. evaluated human foreskin fibroblast adhesion to various 2-D and 3-D matrices [32] . Compared to the 2-D substrate or 3-D collagen gels, the cell-derived 3-D matrix was more effective by a factor greater than six in promoting cell adhesion. An enhanced cell migration rate was also reported in the 3-D matrix, accompanied by a complete triple co-localization of α 5 integrin, paxillin, and fibronectin similar to 3-D matrix adhesions observed in vivo. It is possible that in the current study, the observed differences in cell spreading on the 3-D compared to the 2-D matrix may be attributed to the expression of select surface integrins or adhesion complexes that may lead to varied responses in long-term cultures.
In this study, an osteoblast matrix has been preformed on the scaffolds, thus minimizing the effects of the underlying surface by preventing direct contact between the chondrocytes and biomaterial. From the cellular perspective, the underlying biomaterial substrate may not have a direct effect on its adhesion. Another explanation for our observations may be that the preformed extracellular matrix on the 2-D substrate differs from the one formed on the 3-D scaffold and in turn elicits a distinct response from the chondrocytes. Indeed, the compositional variation between the two substrates may have resulted in differences in the preformed extracellular matrix elaborated by osteoblasts. These differences, coupled with the change from 2-D to 3-D structure, may have affected chondrocyte adhesion and spreading.
The current study focused on the initial interactions between chondrocytes and the preformed osteoblast matrix. Future studies will examine long term chondrocyte response, in particular chondrocyte growth and differentiation during coculture. It is critical to control the phenotypic expression of both chondrocytes and osteoblasts upon coculture in order to reproduce and maintain the multiple tissue zones found at the native osteochondral interface. In addition, the observed differences in cellular response to 2-D and 3-D substrates will be examined in depth in future studies.
